St

LT SRS

.COPY NO.

RESEARCH MEMORANDUM

EXPERIMENTAL INVESTIGATION OF HOT-GAS BLEEDBACK FOR ICE
PROTECTION OF TURBOJET ENGINES

I - NACELLE WITH OFFSET AIR INLET
(/—-
By Edmund E. Callaghan, Robert S. Ruggeri
and Richard P. Krebs ¢ —

Flight Propulsion Research Laboratory

~1 A-UA1H“A Mhin~

Authomr? k—-——éw’%__-tate--.[% ((_ZS_g

J so.l0S2]
By..S H (S s -.cg?}é;ﬁ.zﬁ:ﬂz_.

NATIONAL ADVISORY COMMITTEE

FOR AERONAUTICS
WASHINGTON
Tuly 9, 1948
| CTRICTE NACA LIBRAKY
UNCLAcarolpp MRRRRGHED s om, s

Langley Field, Va

o



OO S 1111111

NATIORAL ADVISORY COMMITTEE FCOR AERORAUTICS

RESFARCH MEMORARDUM
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| - NACELLE WITH OFFSET AIR INLET

By Edmund E. Callaghan, Robert 8. Ruggeri
and Richard P. Erebs

SUMMARY

Aercdynamic and icing Investigations were conducted | N t he NACA
Cl evel and 1eing research tunnel on a two-thirds-scale model Of a
t urboj et - engi ne nacel | e in oxrdexr t 0 provi de i 0i Ny protection for the
engine, protective screen, and accessory housing by the introduction
of hot gases into the inlet-air stream

An investigation Of a hot- gae bleedback system comsisting Of a
nunber of orifice holes peripherally located ar oundt he inlet opening
was conducted for both dry-air and ieing conditiona. The tenperature
distribution | N t he model was determined as a function Of hot-gas
pressure and tenperature for a single val ue offree-stream t ot al
tenperature and a range of tunnel velocities.

Adequat e 1ce protection was af f or ded whea t he m ni nUM kinetic
temperature i N the protective screen was greater than 32° ¥, For
an aver age air-temperature rise i N t he model of 40° ¥, t he maximm
devi at i on £rom the averege was 8° F. The ram-pressure recovery Of
the inlet ducting for this condition was 77 percent.

INTRODUCTION

Experimental investigations show that the turbojet engine is
vulnerable t 0 impact icing. Even in a M| d feing conditionm, t he
lose inair flowand the consequent increase in tail-pipe tenperature
usual ly prohibits continued operation. Some means Of icCe protection
for the engine and | Nl et ducting is thereforenecessary.

~Three nmet hods for such protection have been suggested. The most
obvi OUS of these methods is to keep those surfaces where ice may form
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2 NACA RM No. E8D13

at a tenperature above the freezing poi nt. Another nethod, inertia
separation, has beenexperi ment al | y investigated(references 1 to 3).
The thirdnethod 1e to ratee the tenperature of the incoming air, by

t he introduction Of hot gases,to atenperature that is sufficiently
hi gh to prevent the formation of 1ee. The third nethod is especially
adaptabl e to a turbojet engine because the hot gas imtroduced | nto

t he inlet can he supplied by the engine. The hot gas may be obtai ned
fromeither the turbine infet or the tail pipe, and the 108s in
thrust t hat each Net hod involves has heen analytically treated in an
unpublished report. The resulte of thi a analysis show that an engine
operating at rated I Ot ati onal speed in an atmosphere Of 0° F with
200-percent saturation can be protected from ice formations with a
probable thrust loss Of 5 t0 17 percent. Because N0 | Ce accretions
ar e permitted t 0 form, NOr mal engi ne operation may be achieved as
soon ae the airpl ane passes out 0f the icing condition.

The principal disadvantage Of this method 1s t hat such an ice-
protection system may complicate engi ne installations i N which t he
cabin Of the airpl ane is preasurized with air from the turbojet-
engi ne compressor. Furthermore, if only suff 1oient gas is supplied
for ice prevention (prohibition of tce accretion), the system W | |
probabl y be ineffective as a de-icer (removal Of 1ice al ready formed).

An investigation Of a two-thirds-scal e nodel of ajet-engine
nacelle was conducted in the NACA Cleveland lcing research tunnsl.
The nacelle I epresent ed one-hal f of a two-engi ne nacelle similar to
t hat enployed in a four engine jet bomber of 91, 000 pounds groass
weight. The model WAS provided with holes fori ntroduci ng hot gas
Into the Inlet. Data were obtained t O determine t he effect of gas
temperature and pressure, tunnel velocity, and angl e of att aokcm
the temperature distribution at the sinulated engine inlet. The
ieing i nvestigationto determine t he minimum heat requirements was
conduct ed over a range of |iquid-water contents from 0.3 to 1.1 grams
per cubic meter and at a total tenperature of 0° F with the model at
an angl e of attack of Co.

APPARATUS

Desoription Of nDdel . - The nacelle investigated repreaents one
duct O a {W N nacelle housing t WO t urboj et ines and a main
landingwheel . The model 1stwo-thirds of full ecale constructea
ofsteel, Inoonel, and aluminum, and hasau i nl et area of 1.24 sguare
feet; it waa designed for a maximm airf| ow of 32 pounds persecond.
FOr ocenvenience inchangingangle of attack,t he I nlet and the duect
war e r ot at ed 90° about the | ongi t udi nal axis from the normal install-
ation in t he aireraft. The model as installed in the test section




Y6V

NACA RM No. E&D13 3

of the tunnel and a typical airplane installation are shown in fig-
ure 1.

A 1/4-inch mesh, 0,050-inch-diameter wire screen was mounted i N
the model, as shown in figuresl and 2, tc simulate a typlical pro-
tective screen installation. Air flow through t he model and inlet-
velocity ratios eI € controlled Dy an electrically driven tail cone

(fig. 2).

Description of hot-gas bleedback system. - A sketch of a part
of the hof-gas ducting, the plenmm chamber in the nose,and the
orifice holeS is gshown in figure 1. The hot gas was obtained by

paesing high-pressure alr through a combustion heater and by ducting
the air t 0 t he model.

The location and dlameter Of t he oxrifice hol €S in the model were
chosen in accordance Wi th the results reported iIn reference 5. Im
order to obtain the maxi numpenetration, t he jets Were located as far
upstream Of the sinulated engi ne as possible, that is, at the model
inlet. The section of the inlet at the lip was used Sea plenum
lcq:a.mber for the hot gaa, which also afforded icing protection foOr the

i p.

The orifice configuration investigated consisted Of six 1/2-inch-
diameter hol es and ten 3/8-inch-diameter holes, spacedas ghown | N
figure 3, and located in & plane approximately 6 inches back of the
| eadi ng edge of the nacelle 1ip, as ehown in figure 2.

INSTRUMENTATION

_ The model instrumentation used in the investigation 1s shown

I N figure 2. The four front pressure rakes shown in figure 2 were

| ocat ed 90° apart and contained six total-pressure tubes and ONne
static-pressuret UDe. Static pressures were alsc measured ahead

of and behind the screen by tWo groups of four static-pressure tubes
located 90° apart. The f OUr rear rakes were offset 5° from the

front rakes and consisted of five total-pressure tubes and one atatio-
pressuret Ube. Al | pressure tubes \er € electrically heated { O prevent
t he formation of | C€ accretions.

The aver age air t enper at ur € and temperature distribution inside
the model were measured by means of a thermocouple cross rake mounted
in the duct 43 inches downetream of the Ori fi ce holes and | ust ahead
of the simul at ed accessory housing, as shown in figure 2. The rake
consisted of 29 total-temperature thermocouples spaced 1 inch apart
and mounted in t WO streamlined Str Ut S intersecting at 90°,
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Temperatures on t he duot surfacewere measured by 47 flush-
t ype thermocouples, of Whi ch 30 wer € mounted on t he duot outer wall
and 17 wer e mounted on t he accessoryhousing. Temperatures directly
ahead Of the screen Wer e measured Dy two thermocouples located on
each support strut and temperatures behind t he screer in t he plane
of the rear pressure rakes were measured hy four thernocoupl e probes.

The state Of the gas in the plenum chamber was measured by four
thermocouples | ocat ed 90° apart i n the pl ane of the orifice hol €8 and
by four static-pressure tUbeS located in the rear wall of the pl enum
chamber. 5 gas flow through the orifice holes was measured hy an
orifice located in t he ducting bet ween t he combustion chanber and t he
model .

All pressure data were photographioally recorded from mmltiple

manometers and the temperature data were automatically recor ded by
use Of flight recorders.

SIMBOLS
The following symbols are used in this I €pOrt:
c specific heat Of air,(Btu/(Ib)(°F))
c specific heat of gas, (Btu/(1b)(°F))
Py  total pressure inside nndel, (1b/sq ft)
Po free-stream t Ot al pressure, (1b/sqft)

Ap  static-pressure dr Op across ecreen, (1b/sq f 1)
dynamic pressure aheed Of screen, (1b/sq ft)

q
% free-stream dynamic pressure, (1b/sg f1)
Tgy eritimetic average total temperature in model, (°F)
Tq calculated hot-gas total temperature, (OF)
Ty free-stream total temperature, (°F)
W,  airf|owthrough model, (1b/sec)
Wy  hot-gas f| Ow through orifice holes, (1b/sec)

Po - Pp
N am pressur € recovery, 1 -~ T.

0
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FROCEDURE

Aerodynani ¢ i nvestigation w thout bl eedbaok. - An aerocdynamic
investigation of the nodel W thout OriT1Ce holes was conducted t O
det er m ne air-flow characteristics and ram-pressure recovery 88 8
function of i nl et velocity ratio and angle of attack fOr 8 range of
tunnel velocities from 200 to 400 feet per secomd. At each tunnel
vel 00i ty investigated, t he angle Of attack was varied fromoe to
8° and for each angl e of attack the inl et veloocity ratio was varied
from0.40 to 0.62.

Aerodynamioci nvestigati on wi th bl eedback. - Anunber of orifice
configurat1ons Were investigated I N orderf0 ODtain 8 configuration
that would give 8 uniformtenperature distribution inside the nodel
for 8 range Of values Of tumnel vel OCity, angle Of attack, gas fl ow,
and gas temperature. Ihe configuration chosen is shown in figure 3.

The effect 0f hot-gas bleedback 0N t he temperature di Stribution
I nsi de thenodel , air-fl ow characteristics, and ram-pressure [ €COVElY
for the opti mimorifice configuration was determined f Or t he same
range of val ues of tunnel velocity and angl e ofattack as -used in the
aerodynamic investigation W t hout hot-gas bl eedbaok. In addition, the
investigation was also conducted with 8 fi xed tail-cons position cor-
responding to 8 velooity ratio of 0.62 without bleedback. The range
Of gas flowe and plenum-chamber gas temperatures was from 0.4 to
1. 4 pounds per second and from 600° t 0 1200° F, respectively. For
each plemum-chanber JaS temperature, the gas pressure was varled
from 3000 to 6000 pounds per square foot absolute.

I n order to determine t he reduction i N ram-pressure recovery due
to the jet penetration alone, cold gas was bl ed inbo t he model 8t
pressures up to 3000 pounds per square f OOt absolute at several tunnsl
velocities and at an angl e of attack of 0°,

| ci ng with bl eedbaok. - An investigation to determne the eritical
icing criterion 88 8 fumction of the mass air f| ow, gas flow, gas
tenperat ure, and 1iguid-water content for 8 constant free-streem t Ot al
temperature of 0° was conducted in the following manner:

For 8 constant tunnel velocity, an excess Of hot gas was i ntro-
duced i nto the nodel to insure adequate ice protection. After suf-
ficient time had elapsed f Or conditions t0 Stabilize, |iquid water
Was introduced | Nt 0 t he air stream. AS-minute time | nterval was
gelected t O observe if any ice accretion occurred as evidencedby 8
noticeable I ednoti on ofsirfl ow, If N0 noticeable reductionin air
f| oW occurred, t he plenum-chamber gas pressur € was reduced 350 pounds
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per sguare f 00t and anot her S-minute'observation period was hel d.
This process was repsated until ice had formed and air flow had
appreciably reduced.

Pressure data were recorded at the beginning and the end of
each time Interval and temperature data were continuously recorded.
This investigation was conducted at tunnel velocities Of 200, 290,
355, and 415 feet per second with |iquid-water contentsfrom0.3 to
1. 1gm w per cubic meter at an average dr Op di aneter of 15 microns.
The plenum~-chember gas-tempersature I anged from 700° t 0 1100° ¥,

Plenum-chember gas-temperature correction. - During t he inves-
tigation, [ N€ plenum-chamber gas-temperature readings were conais-
tantly | OW because Of thermocouple rediationeffects. Cal i bration
of t he plenum-chember thermocouples DY utilizing t he following heat-
bal ance equat i on wast her ef or € necessary:

W,

oy (Wg = Wg) (Tay - To) = Wo(Tg - Tpy) °p.g

p (
A curve showing the relation between the measured andcal cul at ed
pl enum chanber temperatures is shown in figure 4. For all subsequent

cal cul ati ons involving plenum-chamber gastemperature,thecorrected
val ue was used.

RESULTS AND DISCUSSION
Aerodynamic Investigation W t hout Bleedback

Ram-pressure recovery. - A ram-pressure recovery 1 of about
0.99 wasobfalned at an angle of attack of 0° and an Inlet velocity
ratio of 0.82. A very elight decrease in ram-pressure recovery was
o'?served with decreasing inlet velocity ratio and increasing angle
ol attack.

Meass-flow characteristics. - The mass flow through the model
varied [ | Nearly W { h tunnel veloeity f or fi xed tail-cone position
and angle Of attack. A maximm flow of approz_imtelﬁ 31 pounds per
second wasObt ained at an inlet veloeity ratio of 0.82, 8tunnel
velocity Of 430 feet per secom&, and an angl e of attackof 0°,

Aerodynamic Investigation with Bleedback

Alr-t rature distribution. - O data presented in this I eport
are for o slngle | €l configuretion that 1s considered optimm In regard

096
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t o uni formtenperat ur e distribution. Uniform distribution was obtain-
able at only a f ew combinations 0f hot - gas plenum-chember pressure

and temperature, tunnel velooity, and angle Of attack. The most

uni formtenperature distribution occurred when the plenum chanber gas
tenperature and pressure were 965° F and 4560 pounds per square foot,
respectively, &t 8 tunnel welocity of 290 feet per second and an
angle Of attack of 0°. Under these conditions, the tenperature inside
t he model was raised from & t Ot 81 temperature of 0° F to an gverage
total temperature Of 45.7° F and t he maximm devi ation from t he
average was 6° F.

The effect of plenum-chamber gas pressure on the temperature
distribution 8t t he thermocouple cross rake 1sillustratedinfig-
ure 5. In this and subsequent figures, lines Of constant total-
tenperature rise above free-streamtotal tenperature are indicated.
The figures representing the temperature-rise distribution atthe
t hermocoupl e cress rake are in the position in which the model was
mounted i n the tunnet. The four distributions were taken et 8
tunnel velocity of 290 feet per second, 8 plenum-chamber total gas
temperature Of approximetely 915° F, and,a.n angl e of attack of 0°.
At the I owest plenumchanber gas pressure (4000 ib/sq £t), 8 high
tenperat ure regi on existed to the left and above the center
(fig. s(a)) and a rat her severe gradient existed im the upper right
sector. Increasing the pressure to 4700 pounds per squaref 0Ot
(fig. 5(b)) elimnated the high-tenperature island and decreased
the tenperature extrenes, but a further increase in the pl enum
chanber pressure to 5500 or 6300 pounds petr square foot (fige. 5(c)
and 5(d)) again increased t he temperature extremes. Because t he
jets in the nose of the nodel are fixed in size, the plenum chanber
El_as pressure coul d not be increased Wit hout incressing the gas fl ow.

| gher temperatures wexe t herefore encountered in the nmodel with
increased (JaS pressure f Or 8 constant pl enun-chamber ges t enper -
ature. As the average tenperature rise was increased, t here was
an accompenying | NCrease | n tenperat ur e gradient.

An increase i N t he plenum-chember temperature increased the
tenperature rise in the nodel (fig. &), but had 1ittle effeot on the
tenperature extremes or the tenperature distribution pattern All
data presented in figure 6 were obtained at 8 tunnel velocity of
290 feet per second, a plenum~chamber pressure of 5500 pounds per
square f 00t , and an angle of attack of 0°.

Increasing the tumnel veloclty increased both the air flow
t hrough t he model and the inl et velocity. 5 incresse in air flow
| ower ed t he average air-temperature rise in the model for constant
val ues of 811 othervariables. 5 increase in | nl et wvelooity had
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8 deci ded effect 0N t he temperature-rise distribution inside t he model,
88 illustrated in figure 7. The temperature-rise contours are for
nearly constant manifold conditions, a plenum-chamber gas tempereture
Of 1145°F, 8 plenum-chamber gas pressure of 5500 pounds per sguare
foot, and an angle of attackof 0°.

Chenging the angle of attack of the model from 0° t O 8 had NO
effect on the tenperature rise in the nodel (fig. 8). Thesimilarity
Of isotherm lines is illustrated f Or the following condition: tunnel
vel ocity, 200 feet per second; pl enum chanber gas tenperature, 12100 F;
pl enum chanber gas pressure, 5500pounds per square f 00t .

Skin temperatures. -~ The highest skin temperature measured wes
125° F and wes obtained at 8 point adjacent to the hot-gas ducting. In
addi tion, the average air t Ot al temperature inside t he modeL WAS approx-
imately 80° F. FOr an average air total tenperature of approximtely
40°F, theskint enperature did not exceed 1000 F.

Mass f| OW endr anm pr essur € recoverylosses due tobleedback.-
The hot-gas Jets reduced Lhe alr 110w as (Ne Lenperature in { NE model
increased. The decrease in air floww th tenperature for several val ues
of tunnel velocity and an anlgle of attack of ©° ia showm in figure 9.
If these curves were extrapol ated t 0 a model tenperature of 00 F cor-
responding to the tunnel tenperature of 0° F, the resultent mess Si
f1 ow woul d be the same as that obtained wit Aout Jets. The decrease
in air flow through t he model when the jets are turned on is primrily
caused by the change in density of the air and secondarily by the
momentum pressure loss associated with addi ng heat t 0 8 moving stream.

Rem-pressure recovery is adversely af f ect ed by the presence of the
Jets. When t he nodel was first investigated W t hout orifice holes, 8
rem-pressure recovery (f approximately 0.99 was real i zed. Subseguent
warping Of the nodel, caused b¥ hi gh manifold pressures and t enper -
atures, and t he installation Of orifice hol es reduced t he ram-pressure
recovery W t hout the jets t 0 about 0. 91. The introduction of col d
gas under pressure through the orifice hol es reduced the rem-pressure
recovery anot her 5to 6 percent. 5 effect on ram-pressure I €COVery
of raising the tenperature in the nodel by mane of hot-gas Jet8 is
shown in figure 10. A part of the reduction in rem-pressure [ ECOVEry
can be attributed to the | 088 in total pressure associated With the
addition of heat. 5 remainder of the loss is due to the loss Of
total pressure arising from t he mixing Of the jete Wth the air fl ow
through the nodel. Rem-preassure recovery is believed to decrease
slightly wi th increasing plenum-chember pressures and decreasing
tunnel velocity, but the effects are obscured by the spread of the
data.
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| ci ng Wi t h Bleedbeck

In analyzing the icing data, the pressure-drop coefficient
Ap/q across the inl et screen Was computed for each ieing run. The
-goreen WaS consi dered i ced wken t he val ue of Ap/q approached approx-
imately 1.5 tines the val ue fort he screen at the beginning of each
run. The percent bleedback Wg/W, and plenum-chamber gas temperature

corresponding to thie criterion are plotted in figure 11 for tunnel
velocities of 290 and 355 feet per second. No 1ce 8coretions were
observed on the accessory housing and nacel | e |ip when the inlet
screen was iced.

Thr ee theoretical curves ShOown in figure 11 are besed on the
followng analysis: Teing on the screen wasassumedt 0 ocour when
t he m ni mumKki neti o temperature (static t enperat ure plus0. 85 times
t he dynamic tenperature rise} On the screen was 32° F. From the
data taken without sprays, when the average air tenperature in the
model was determined to be approximately 40° F, the temperature
deviation at t he croses rake was epproximetely 8°. Under these con-
ditions, the rampressure recovery (fig. 10) was 77 percent. In
order to maintain 8 minimm kinetic temperature i n the screen O
32° ¥, an average tOtal tenperature of 41.49 inside the nodel was
necessaxry W th gvelocity in the screen of 350 feet per second cor-
responding to s tunnel speed of 290 feet per second. The theoretical
curve A in figure 11 related the gas temperature and percent bleed-
back required to maintain 8 total tenperature of 41.4© F in the model
with stunnel velocity of 290 feet ver second, stunnel temperature
O 0° F, and dry eir.

Curve Binfigure 11 wascalculated fOr the same temperature
insidet he model for 8 wet-air condition. The amount (f moisture i n
the air used to compute this cunewas assumed t 0 be about t he max-
imum POSSI bl € wat er content in the tunnel at 290 feet per second and
00 F with the sprays on, and was assumed to consist Of the water in
200-percent saturated air at 00 F plus a |iqui d-water content of
1 grem per cubi C meter. Curve © wascaloculated for the same water
content and kinetic tenperature in the screen, but at 8 tunnel vel-
ocity of 355 feet per second correspondingto & screen velocity of
430 yeet per second. The total airtenperature in the nodel required
for ice prevention under theee conditions was 42.3° F.

~ An examination of figure 11 shows t hat most Of t he data falls
withinthe limts of the three curves. The correlation of data and
theory indicates that icing Will not oceur i f the surface kinetic
tenperature is maintained above freezing. T£ all the conditions
of the investigation had been ideal, allthe lower Speed data woul d
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have fallen between curves Aand B and all the higher speed data
woul d have been to the left of eurve C.  Actually, the displacenent
of some Of the data points to higher t han theoretical amounts Of
bleedback is attributable [ O several factors:the nonuniformty of
liquidwater in the nodel, the variation of screen solidity, and the
velocity distribution ahead of the screen.

SUMMARY OF RESULTS

The following results Wer e obt ai ned froman icing-research-
tunnel investigation Of & two-thirds-scele nacelle f O 8 turbojet-
engine nacelle.  The nacelle was provided with orifice holes for
admitting hot gas t 0 t he engine-inlet duct for ice prevention.

. 1. The inlet screen Of the nodel was kept practically free of
ice, provided sufficient hot gas was supgl ied to keep the kinetic
tenmperature throughout the screen avove 320 F.

2.For 8 dry-air condition, t he maximuwm deviation fromthe
average air-tenmperature rise at the sinulated engine inlet was
about "8° ® for an average air-tenperature rise in the nodel of
400 #. The addition of heat required for 8 40° F air-temperature
rise | Owered the rampressure recovery to about 77 peroent.

3. Changes i N duct-inlet Vel OCi tY greatly af fected the tem-
perature distribution i nsi de t he nodel . More uniformtenperature
distributions Were obtai ned at hi gh pl enum chanber gas pressures.
Changes in hot-gas tenperature and angle of attack had little
effect 0N the tenperature-distribution pattern.

4. The introduction of cold gas under pressure through the
orifice hol es decreased the rampressure recovery in the nodel
by 5t0 6 percent.

5. The decrease in mass fl ow W th not-gas bl eedback was
almost entirely attributable to the decrease of the airdensiy
resulting fromthe increase in air tenperature inthe nodel..

Fl i ght Propul si on Resear ch Laboratory, _
National Advi SOry Committee f Or Aeronautics,
C evel and, I 0.
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Alr-tempereture ' Alr-temperature

(a) Plenum-ghamber gas pressure, (b)'. Plenum-chanber gas pressure,
4000 pounds per square foot; 4700 pounds per square foot;
avexage alr-temperature rise, average air-temperature ri m
37.8°F; bdleedback, 3. 8 perceunt. 47.7° F, bl eed&&k, 4.7 percent.

Alr-temperature Air-temperature
rise, °F

W

(c) Plenum-chamber ges pressure, (d) Plemm-chamber ges pressure,
5500 pounds per sguere f oot ; 6300 pounds per square foot;
aver age air-temperature rise, ave air-temperature rise,
56.7° F; bleedback, 5. 7 percent. 64.3° P; bleedback, 6 -5"percent.

Figure 5. - Effect Of plenmum-chamber gas pressure On air-temperature rise distribution at
thermocouple oross rake. Tunnel velocity, 290 f eet per second; plenum-chamber gas
temperature, 915° F; angl e of attack, 0°.
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Air-tenperature Air-tenperature
rise, °F rise,

85
58
64
€5
68
(a) Plenum-chamber gas temperature, (t) Plemum-chamber gas temperature,

8850 F; average air-temperature rise, 1002° F; average sair-temperature rise,
56,7° F; bleedback, 5. 7 percent. 62.6° F; bleedbeck, 5.7 percent.

' (0) Plemum~chamber gas temperature,

1112° F; average air-temperature rise, W
67.6" F, bleedbeck, 5.4 percent.

Figure 6. - Effect of plenum-chamber gas temperature on alr-temperature rise distribution
at thermocouple oross r ake. Tumel velccity, 290 feet per eecond; plenum-chamber gas
pressure, 5500 pounds per square f 00t angle of atteck, 0°,
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Alr-temperature
rise, °F
100
97
84
91
a8
(a) Tunnel velocity, 220 feet persec- (b) Turmel velocity, 290 feet per sec-
ond; average eir-temperature rise, ond;_average air-temperature rise,
97.8°F;, bleedback, 5. 0 percent. 67.8" F; bleedback, 5.4 percent,

Alr-temperature
rige, °F

(0) Tunnel velooity, 415 feet per sec-

ond; averege air-texperature rise, W
54.9% F; bl eedbaok, 4.4 percent

Figare 7. - Effect of tummel velocity on air-temperature rise distribution at thermocouple
cross reks. Plemm-chamber gas tempereature, 1145° F; plenum-chamber gas pressure, 5500
pounds per sguare footjangl e of attack, 0°,.
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(a) Angle of attack, 0°; average air- (b) Angle of attack, 4°; average sir-
temperature rise, 107.2° F. temperature rim 107.1° F.

Alr-texperature
rise, °F

(c) Angle of attack, 8°; aversge 2ir-
t enperat ure rise, 106.2° F.

Pigure 8. - Effect of angle of attack on air-tenperature rise distribution at thermocouple
oross rake. Tunnel velocity, 200 feet per second; plemm-chambergas tempersture,
1210° ¥; plenum-chamber g&s pressure, SS00 pounds per aquere foot; bleedback, 8.2 per-
cent.
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Plenum-chamber gas temperature, Ts,‘°F

NACA RM No. E8DI3

Curve A B c
Total tenperature

of air in nodel, OF 41.4° 41,4° 42,3°
Tunnel air velocity,

A BC ft/sec 290 200 355
1200 Tunnel total tenpera-
\ ture, °F o1} 0° o°
Alr dry wet wet
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Figure 11. - Bleedback required for ice prevention as function

of pl enum chanber gas temperature for free-stream total
tenmperature of 0° F.
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